The anatomical specificity of axon growth from fetal pig septal xenografts was studied by transplanting septal cells from E30-35 pig fetuses into cholinergic deafferented (192-IgG-saporin-infused) rats or into aged rats (> 18 months). Cell suspensions (100,000 cells/ul) were injected bilaterally into the dorsal and ventral hippocampus of immunosuppresed rats (10 mg/kg/day cyclosporine A). To assess axonal growth and synapse formation, acetylcholinesterase histochemistry, an antibody to choline acetyltransferase (ChAT), and three pig-positive/rat-negative antibodies: bovine 70kD neurofilament (NF70), human low-affinity NGF receptor (hNGFr), and human synaptobrevin (hSB) were used. In rats with surviving grafts at 6 months, NF70 axonal labeling was more extensive than either ChAT or hNGFr labeling. All three markers demon strated graft axons extending selectively through the hippocampal CA fields and the molecular layer of the dentate gyrus. Graft axons did not extend into adjacent entorhinal cortex or neocortex. The distribution of pig hSB-positive synapses correlated with AChE-positive fiber outgrowth in to the host. Electron micro scopic analysis of hSB-immunostained hippocampal sections revealed pig presynaptic terminals in contact with normal rat postsynaptic structures in the CA fields and the dentate gyrus. These data demonstrate targetappropriate growth of pig cholinergic axons and the formation of cross-species synapses in the deafferented or aged rat hippocampus.
INTRODUCTION
Fetal neural grafts provide an important paradigm for investigating mechanisms involved in neuronal regener ation and development. The transplantation paradigm allows direct testing of variables such as time-and re gion-dependent trophic factors and tropic signals (24) . The hippocampus is particularly useful for the study of axonal growth specificity, because its laminar organiza tion and innervation patterns are easily delineated. Initial studies of fetal septal cells implanted into the hippocam pus of adult hosts have demonstrated that many of these cells mature into cholinergic neuronal phenotypes that can reinnervate the hippocampus after loss of its cholin ergic innervation (4) (5) (6) 14) . Reinnervation by graft cho linergic cells has now been demonstrated in four types of animal models: aged animals (16) , fornix transection (9, 14, 33, 41) , excitotoxin injection into the septum (20, 42) , or specific cholinergic toxins (21, 22, 26) . In many studies, graft cholinergic reinnervation and physi ological activity have correlated with recovery of spatial memory functions previously impaired in the above models (11, 14, 17, (20) (21) (22) 31, 33, 40, 44, 45) .
In fetal septal allograft studies, graft reinnervation of the host hippocampus has been assessed by the increase in acetylcholinesterase (AChE) fiber staining and the presence of choline acetyltransferase (ChAT)-positive axons (4, 9, 45) . Reinnervation of the lesioned hippocam pus in these experiments was shown to resemble the pat tern seen in normal animals (4) (5) (6) 34) . Subsequent stud ies provided evidence to suggest that this anatomically appropriate reinnervation by septal cholinergic neurons is a function of the specificity of these neurons, because transplanted cholinergic cells derived from the fetal stri atum, pontomesencephalic tegmentum, and the spinal cord produce abnormal axonal growth (10, 34) , though early preliminary evidence suggested nonspecificity (29) .
The use of species-specific markers in xenotransplant studies allows for a more precise analysis of donor axo nal growth in the host brain. The xenotransplantation paradigm can also be used to investigate the effects of developmental timing and to identify species similarities and differences in axon guidance and synapse formation (23) . Early cross-species fetal neural transplantation studies suggested that implanted mouse and human neu ral xenografts exhibited long-distance target-directed ax onal growth in the adult rat host brain (11, 32, (48) (49) (50) . Recently, we have used species-specific markers to demonstrate that neural cells from different regions of the pig fetal brain, transplanted into the adult rat brain, exhibit long-distance target-oriented axonal growth to appropriate host brain structures (18, 23, 25) . Target-spe cific axonal growth has been demonstrated for cortical (19) , striatal (12, 25) , and ventral mesencephalic (18, 23) porcine xenografts in adult rat hosts. These results with pig fetal neural xenografts suggest that tissue-specific but species-general axon guidance factors are expressed in the adult brain (24) .
In an accompanying article (LeBlanc et al., this issue) we investigated the cognitive and behavioral changes of 192-IgG-saporin lesion, and cholinergic graft effects. In the current report, we investigate the specificity of cross-species axon growth and synapse formation in the septohippocampal cholinergic system using the pig-rat xenograft paradigm. Specifically, we have used pig-and neurotransmitter-specific markers to trace axonal growth patterns and cross-species synapse formation in a cholinergic immunotoxic rat lesion model (192-IgG-saporin infusion) and in aged rat hosts.
MATERIALS AND METHODS

Lesion Surgery
Adult female Sprague-Dawley rats (250-275 g, Charles River Laboratories) received unilateral intraven tricular injections of an immunotoxin produced by con jugation of an antibody to the rat p75 low-affinity nerve growth factor receptor (rNGFr) to the plant-derived ribo- 
Preparation and Transplantation of Porcine Fetal
Septum Pig fetuses were obtained from Tufts Veterinary School of Medicine (Grafton, MA) according to stan dard uterine harvest procedures. Embryonic day 30-35 (E30-35) pig fetuses were removed from the uterus and rinsed in sterile Dulbecco's phosphate-buffered saline (DPBS, calcium and magnesium free). The brain was removed and the septal area was dissected (see Fig. la for dissection details) and collected in a petri dish con taining DPBS. The septal pieces were incubated for 20 min in a 37°C water bath in 1.5 ml of trypsin-EDTA (0.5%). The tissue was then washed three times in sterile Hank's balanced salt solution (HBSS, calcium and mag nesium free), then resuspended in HBSS with 50 g/ml DNAse (Sigma) and triturated with progressively smaller bore fire-polished Pasteur pipettes, to obtain a near-single-cell suspension. The concentration of the fi nal cell suspension was determined using a hemocytometer and tested for viability using acridine orange-ethidium bromide dye exclusion.
One month after lesion, a subgroup of the 192-IgGsaporin-lesioned rats was again anesthetized, as de scribed above, and transplanted with fetal cells bilater ally into four sites: one dorsal and one ventral site in each hippocampus ( Fig. lb) . Cell suspensions contained approximately 100,000 cells/jxl and were injected via a 10-|xl Hamilton syringe into each hippocampal site (see Fig. lb ). The dorsal sites received 0.5 ul of the cell sus pension at the following stereotaxic coordinates: AP = -3.7, L = +2.5, V = -2.2. The ventral sites received 1.5 pi of the cell suspension at the following coordinates: AP = -5.0, L = +5.0, V = -6.0 to -4.0. Each rat thus re ceived 200,000 viable cells per hippocampus on each side. All animals were treated with cyclosporine A (San dimmune, Sandoz Pharmaceuticals, NJ) to prevent rejec tion of the grafted tissue. Each rat received an injection (SC) of cyclosporine beginning on the day before trans plant (20 mg/kg) and on each day (10 mg/kg/day) until time of sacrifice. Starting 1 month after transplantation and continuing until time of sacrifice, all rats also re ceived oral tetracycline (Panmycin, Upjohn, MI) in their drinking water to prevent opportunistic infections.
Aged Unlesioned Transplanted Hosts
In addition to the immunolesioned adult rats, 15 unle sioned, aged rats (> 18 months old) were transplanted with porcine fetal septal cells, immune suppressed with cyclosporine A (as described above), given oral tetracy cline, and sacrificed at 3 months posttransplant for histo logical analysis. A shorter posttransplant survival time for older compared to younger rat hosts was necessitated by the increased incidence of age-related deaths in this group. After sacrifice, brains of aged animals were sub jected to the same battery of histological analyses as the lesioned transplanted group.
Perfusion, Histology, and Immunohistochemical
Staining At 16-17 weeks posttransplantation in the lesioned and transplanted group, and 6-14 weeks in the aged transplanted group, rats were deeply anesthetized with an IP injection of sodium pentobarbital (100 mg/kg), then transcardially perfused with 200 ml of cold heparinized saline (0.9%) followed by 200 ml of cold 4% paraformaldehyde (PFA), pH 7.4. The brains were re moved and placed in the same 4% PFA solution for 6-8 h, then placed in 30% sucrose in PBS. Following equili bration, brains were sectioned on a freezing sliding mi crotome in six series of 40-(xm-thick sections, and stored at 4°C in PBS.
Every sixth section was stained with cresyl violet to visualize graft survival. To assess graft cell development and integration with host tissues, adjacent sections in cluding hippocampal graft sites and surrounding struc tures were stained with either a monoclonal antibody to the human p75 low-affinity nerve growth factor receptor antibody (hNGFr; 1:5000, Chemicon International, Temecula, CA), which immunoreacts with the homolo gous pig but not the rat NGF receptor; a monoclonal antibody to bovine 70kD neurofilament (NF70; 1:1000; BioDesign International, Kennebunkport, ME), which stains pig neurons and axons, but not rat; a polyclonal antibody to choline acetyltransferase (ChAT: 1:2000; Chemicon International), which stains both donor and host cholinergic neurons; a monoclonal antibody to hu man synaptobrevin [hSB; also known as vesicle-associ ated membrane protein (VAMP); 1:1000; Chemicon In ternational], which stains pig presynaptic terminals, but not rat. Selected sections through the basal forebrain were stained with ChAT antibody (same as above) and the antibody to rat-NGFr, in order to assess cell loss due to lesion. Selected sections from the forebrain, spinal cord, and cerebellum of IgG-saporin-lesioned untransplanted animals were also stained with an anti-parvalbumin antibody (Sigma, St. Louis, MO) to assess possi ble nonspecific immunotoxin damage.
All immunohistochemical procedures were carried out on free-floating sections, using a standard avidinbiotin-conjugate (ABC) technique. The sections were in cubated in a 0.3% hydrogen peroxide solution contain ing 50% methanol in PBS (pH 7.4) for 20 min to quench endogenous peroxidase. After rinsing three times in PBS, the tissue was incubated in 10% normal goat se rum (NGS) dissolved in PBS for 60 min, then incubated overnight at room temperature on a shaker, with the an tibody dissolved in PBS containing 1% bovine serum albumin, 2% NGS, and 0.1% Triton X-100. The next day, sections were rinsed in PBS, then put through two washes of 5% NGS (10 min each) before being placed in a secondary antibody (0.5% solution) for 90 min: biotinylated goat anti-mouse (Sigma) for all monoclonal an tibodies, or biotinylated goat anti-rabbit (Vector Labs, Burlingame, CA) for all polyclonal antibodies. After be ing rinsed in PBS, the sections were incubated in avidinbiotin complex (Elite ABC kit, Vector Labs) for 90 min. After one wash in PBS, the tissue was transferred to Tris-buffered saline (TBS, 0.05 M, pH 7.8) before being developed in 3,3'-diaminobenzidine tetrahydrochloride dissolved in TBS, with 0.03% hydrogen peroxide added. The tissue was rinsed in TBS, then PBS before being plated on Superfrost Plus microscope slides (Fisher Sci entific), dehydrated through a series of graded ethanols and xylenes, then coverslipped with Permount (Fisher Scientific).
For electron microscopy, perfusion and preparation differed in the following ways. Animals were perfused with heparinized saline followed by 2% glutaraldehyde 1.5% paraformaldehyde in PBS, cut unfrozen on a vibratome at a thickness of 50-100 (i,m, processed for hSB immunohistochemistry as above, osmium impregnated, embedded, and selected hippocampal and control re gions were identified in light microscopy, blocked and cut on an ultramicrotome. Immunolabeled synaptic vesi cles (see Results) were identified by their intense elec tron density.
Data Analysis
Histochemically reacted and immunostained sections were analyzed on a Zeiss Axioplan microscope, using both bright and darkfield illumination, and images were digitized into a Macintosh computer using a Leaf Lumina scanning digital camera system. Although the ob jective of this study was to determine neuronal connec tivity, grafts were also analyzed for some quantitative morphological variables: graft volume and cell counts for ChAT-positive and hNGFr-positive neurons. Volu metric analysis was computed from images captured us ing NIH Image (Version 1.61; Ray Rasband; NIH). Graft areas were summed for each animal, then multi plied by 0.24 mm (the distance between the slices in each preparation) to obtain crude volume estimates in cubic millimeters. Cell counts of ChAT-positive neurons were completed by two independent observers and interrater reliability was >95%. Cells within the septumdiagonal band or within the graft that were immunoreactive for ChAT or hNGFr were counted in each section, and the total number was partially corrected for effects of cell size, number of sections, and section thickness using Abercrombie's correction equation (1) . Because the relative values for the morphological variables were of greater interest than the absolute, no further stereological assessments were made.
RESULTS
Graft and Lesion Morphology
Infusion of the immunotoxin 192-IgG-saporin pro duced significant loss of cholinergic neurons in the sep tum and diagonal band regions compared to unlesioned controls. From Nissl-and rat-NGFr-stained sections, we estimated that cholinergic cell loss in the septum and diagonal band, as observed 6 months following imraunotoxic lesion, was approximately 70-90% (data not shown). This cholinergic cell loss was consistently greater in the septum and diagonal band regions than in the nucleus Basalis of Meynert (NBM). 192-IgG-saporin lesions produced cholinergic deafferentation of the hip pocampus as demonstrated by loss of hippocampal stain ing for AChE-positive fibers and ChAT-immunoreactive fibers. AChE reduction was particularly striking in the dentate gyrus ( Fig. 2a, b ).
Porcine fetal septal neurons were implanted into four sites in the hippocampus of both aged and cholinergic deafferented rats: a dorsal and a ventral hippocampal site on each side of the brain (Fig. lb) . Graft survival and graft size were highly variable between and within animals. A total of 82% (26 out of 32 animals) of all grafted lesioned adult hosts exhibited at least one site with a surviving graft as determined by histological analysis. Ventrally placed grafts were typically located within ventral hippocampal field CA1 and dorsally placed grafts typically were located in the transition zone between field CA3 and the dorsal dentate gyrus (for examples see Figs. 3, 4, 5, 6) . Graft volumes varied greatly, from under 1 mm 3 to over 40 mm 3 . The largest grafts were located in the lateral ventricle between the ventral dentate gyrus and the medial geniculate body. Cases were excluded from histological analysis of axon outgrowth if the host hippocampus was significantly dis placed or compressed.
All grafts were positive for AChE activity (Fig. 3a) ; however, within each graft cells that were immunoreactive for NF70 ( Fig. 3b ) were more numerous than those that were immunoreactive for either ChAT (Fig. 3c ) or hNGFr ( Fig. 3d ), in adjacent sections. This difference suggests that grafts contained both cholinergic and noncholinergic neurons. In addition, hNGFr-positive cell counts were consistently lower than ChAT-positive cell counts for the same graft (based on cell counts from adjacent sections). This may be a consequence of lower sensitivity or reduced specificity of this human-NGFr antibody to the homologous porcine NGFr epitope, or due to differences in the expression of this receptor on different classes of cholinergic cells. Consequently, Figure 2 . Distribution of AChE-positive fibers in the dorsal dentate gy rus in a normal rat (a), a lesioned but not transplanted rat (b), a lesioned rat with a cholinergic graft located dorsally (nearby to the right, off the image) (c), and a lesioned rat with a cholinergic graft located ventrally (far below and to the right, off the image). Note that the corresponding pattern of cholinergic fiber regrowth in the two grafted examples recapit ulates the normal pattern, though the density of fibers differs depending on closeness and location of the graft. Abbreviations: CA1, cornus ammonis area 1; m, stratum moleculare; g, stratum granulosum; h, hilus. 
Patterns of Axonal Outgrowth
Reinnervation of the host hippocampus by graft ax ons was assessed using both cholinergic markers and do nor-specific markers. Using the NF70 antibody, it was possible to determine the location and full extent of por cine axon outgrowth. Axonal outgrowth from graft neu-rons could be traced along the entire dorsal-ventral length of the host hippocampus from either dorsally or ventrally placed grafts (see Fig. 4 ). Though this axonal growth was dense and extended for long distances (up to 4 mm), none of the grafts within the hippocampus (i.e., excluding the cases where graft placement partially extended into cerebral cortex or lateral ventricle) exhib ited axonal outgrowth beyond hippocampal and parahippocampal regions. Moreover, graft axons were seldom observed in the adjacent subiculum, entorhinal cortex, or neocortex, even from implantation sites that bordered on these structures ( Fig. 4 ). NF70-positive fibers prefer entially grew within the white matter of the hippocam pus and were rarely found within the pyramidal cell layer of the CA fields and the granule cell layer of the dentate gyrus. NF70-positive fibers were not found in the hippocampus without an ipsilaterally surviving graft (even if grafts survived in the contralateral hippocam pus). NF70-positive fibers were not seen in the hippo campal commissure contralateral to a unilateral graft.
NF70 labels pig axons from multiple neuronal types.
Therefore, specific markers (antibodies for ChAT and hNGFr) were used to investigate the growth of the frac tion of these axons that were cholinergic. The growth of ChAT-positive fibers outward from the graft (Fig. 4) was similar in trajectory to that of NF70-positive fibers, though ChAT-positive fibers appeared to be less numer ous than NF70-positive fibers from the same graft (com paring adjacent sections stained for each). ChAT-posi tive fibers were rarely found in the hippocampus if there were no surviving grafts present, even if grafts survived in the contralateral hippocampus (e.g., the case shown in Fig. 5c, d) and ChAT-positive fibers were not seen crossing the hippocampal commissure.
Staining for AChE-positive fibers demonstrated ex tensive innervation of hippocampal regions near cholin ergic grafts (Fig. 2c, d) . In general, although AChE-pos itive fiber density was higher closer to cholinergic grafts, some AChE fiber staining was evident in hippo campal regions at the opposite ends of the hippocampus from dorsally or ventrally placed grafts. Putative graftderived AChE-positive fibers were distributed into hip pocampal fields and lamina within these fields and reca pitulated the normal pattern (compare Fig. 2a-c, d) . This included distinctive bands of innervation within the den tate gyrus. As in the normal condition ( Fig. 2a ), the hilus region and the molecular layer were AChE positive and the dentate gyrus granule cell layer was AChE negative. The molecular layer exhibited AChE-staining densities that defined three distinctive sublamina. The inner mo lecular layer was subdivided into an inner AChE-dense band and an outer AChE-reduced band. The remaining external molecular layer was intermediate in AChE staining. Nonetheless, AChE densities varied, especially in the amount of staining within the hilus as compared to the molecular layer. This variation appeared to corre late with the position of the graft with respect to these layers.
Different axonal markers exhibited similar growth patterns. This was particularly evident within the dentate gyrus ( Fig. 6 ). NF70-positive staining of pig axons ex hibited a high density of axons immediately adjacent to the dentate granule cell layer, forming dense bands in both the internal molecular layer and hilus region ( bordering the granule cell layer, and slightly lower den sity in the external molecular layer (Fig. 6c ). Human-NGFr-positive staining, which was specific to graft-de rived cholinergic axons, was also found in the layers immediately external and internal to the granule cell layer (Fig. 6d ).
Using an antibody positive for pig but not rodent synaptobrevin (hSB), it was also possible to observe the distribution of presynaptic graft axon terminals in the rat hippocampus. The distribution of porcine terminals was similar to that demonstrated with the markers described above. Synaptic labeling was identifiable in brightfield and darkfield illumination by its punctate appearance ( Fig. 7) , and was not present in hippocampi not contain ing porcine grafts. The highest density of hSB-positive synaptic terminals found within the dentate gyrus, near to and including the granule cell layer (Fig. 7b ). All hip pocampal cell layers, including pyramidal cell layers, polymorphic cell layer of the dentate gyrus, and the Figure 7 . Pattern of porcine synapse formation (bright dots visible in darkfield) in the dorsal dentate gyrus from a ventrally placed graft demonstrated by labeling with an antibody to porcine synaptobrevin. Pig synapses in the dorsal dentate gyrus complements axonal growth patterns shown by other axonal markers. Box indicates region shown at higher magnification in (b). Clear lamination patterns are evident and distinguish sublamina in both the dentate molecular layer (me, external molecular layer; mi, internal molecular layer) and in the cell poor region of the hilus (he, external sublayer; hi, internal sublayer); relatively reduced synapse formation in the cell layers (gc, granule cell layer; pm, polymorphic cell layer); and sharp boundary at the hippocampal sulcus dividing the dentate gyrus (below) with the molecular layer of field CA1 (above). Other abbreviations as in Figure 5 . granule cell had low densities of porcine synaptic termi nals. Similar to the pattern exhibited by other graft axon markers, there was a clear synapse-free layer separating the external molecular layer and the band immediately adjacent to the granule cells in the inner molecular layer.
There was a precise relationship of graft axonal growth to dentate gyrus cells and white matter layers, because the four antibodies used stained different por tions of the axonal "tree.' In the immediate vicinity of the granule cell layer, NF70-positive staining, which ap pears to be limited to the neurofilament-containing main shafts of the axons, showed axon trajectories within the inner molecular layer that were parallel to and immedi ately adjacent to the granule cell layer (Fig. 8a) . A simi lar pattern was exhibited by ChAT-positive axons in the same region (Fig. 8b) . In addition to axonal growth within the inner molecular layer, hNGFr ( Fig. 8c ) and hSB antibodies (Fig. 8d ) revealed terminal arborization as well as synapse formation extending into the granule cell layer. Extensive hNGFr-positive terminal arbori zations and varicosities were observed in the granule cell layer (Fig. 8c) , and hSB-positive synapses were also observed in the granule cell layer and the inner molecu lar layer of the dentate gyrus. There were abrupt differ ences in the density of labeled axons and synapses at one or both borders of the granule cell layer (Fig. 8d ).
Cross-Species Synapse Formation
In addition to light microscopic evidence for porcine synaptic terminal formation provided by these two por cine-specific markers (hNGFr and hSB), we also investi gated the ultrastructure of porcine synapse formation, taking advantage of the species specificity of the synaptobrevin antibody to distinguish donor from host presyn aptic components in electron microscopy (EM). We ana lyzed regions both within the graft and in host hippocampal regions some distance from graft place ment sites. To exclude any possibility of observing do nor-to-donor synapses we prepared some EM sections using host hippocampus regions from which the graft was located by light microscopic examination of tissue stained for electron microscopy and excised prior to ultramicrotome sectioning (see boxed regions in Fig. 9a ). Though labeled synapses were less frequent in these re gions than within the graft (not shown), there were sig nificant numbers of porcine synaptobrevin-positive syn apses present.
In EM images, hSB-positive labeling was dense in the membranes of most presynaptic vesicles found within the graft (synapses indicated with dark arrows in Fig. 9b-d ), but not in other structures. Pig synaptic terminals could be distinguished from host-host syn apses in the same field of view by the lack of electrondense staining of host presynaptic vesicles. The labeled and unlabeled synapses within the same field did not appear to differ in any other ultrastructural features, in cluding structure of postsynaptic thickening and other membrane structures. Highly specific affinity for anti gens expressed in the presynaptic vesicular membrane is consistent with the known expression of this vesicleassociated membrane protein (2a,50a) . Near the graft pe riphery, both hSB-positive (dark arrows) and hSB-negative (white arrows) presynaptic terminals could be iden tified, demonstrating clear discrimination of donor versus host presynaptic structures. Postsynaptic thicken ing was evident in most cases (arrows point to the point of synaptic contact where postsynaptic specialization is apparent).
The postsynaptic structures in contact with labeled presynaptic terminals from regions within the host hip pocampus (and which had all graft regions excised) were presumed to be host derived (e.g., Fig. lOa-d) . This provides unambiguous evidence that cross-species synapses can form in vivo.
Graft Development and Axon Growth in Aged, Unlesioned Hosts
To assess the role of lesion-induced versus age-in duced reduction in cholinergic innervation on graft growth and integration into the hippocampus, aged unle sioned rat hosts (n = 15) were also transplanted using the same surgical paradigm. Frequency of graft survival (96%) was higher in the aged compared to the 192-IgGsaporin-lesioned animals but mean graft volumes (31.3 mm 3 ) were similar. The cytoarchitecture and cell com position of the grafts in aged animals that survived for 3 months did not differ appreciably compared to grafts in lesioned controls, despite a difference in the age of the graft. Aged grafted animals sacrificed earlier than 3-months' survival (because of age-related infirmities) exhibited weak AChE staining and poor immunohistochemical staining for axonal markers (and so were ex cluded from the analysis). Because cholinergic innerva tion was not entirely reduced in these cases, markers that were not species specific could not be used to assess graft axon outgrowth; however, the three pig-specific markers provided sufficient information to make com parisons possible. In general, these markers demon strated that axonal growth patterns in aged transplanted animals were comparable to what was observed in younger lesioned hosts, with respect to extent of out growth, patterns of axon trajectories, and locations of synapse formation (Fig. 11 ).
DISCUSSION
Studies using fetal septal allografts have previously shown cholinergic reinnervation of the acetylcholine-denervated hippocampus using AChE histochemistry and ChAT immunohistochemistry (26, 34, 44, 45) . Physiologi cal investigation of correlates of cholinergic activity have demonstrated that this reinnervation increases cho linergic function in the lesioned host hippocampus (7, 27, 35, 37, 39, 41, 45, 47) . In addition, anatomical analy sis has demonstrated that septal cholinergic allograft ax ons grow into the host hippocampus in a laminar pattern that recapitulates the normal innervation (8, 26, 32, 34) . Evidence that this reflects specific axon guidance was provided by a study comparing growth patterns of AChE-positive axons from fetal septal cell grafts to growth patterns of fibers from cholinergic neuron con taining grafts derived from other fetal brain regions (e.g., striatum, tegmentum, brain stem, and spinal cord). This study established that each graft type exhibited dif ferent laminar growth patterns (34) . More specifically, all the nonseptal sources produced abnormal innervation of one or more hippocampal lamina, suggesting that spe cific tropic interactions between growing graft axons and hippocampal substrates are likely prerequisites for appropriate cholinergic reinnervation to occur.
The present study demonstrates that cholinergic ax ons from pig septal xenografts also reinnervate the AChdenervated rat hippocampus in a laminar pattern that re capitulates the normal pattern. This corroborates the pre vious findings demonstrating specificity of septal cho linergic axon growth into the hippocampus, and Figure 9 . Electron micrographs of pig synaptobrevin specific antibody labeling of synaptic vesicles in a porcine fetal septal graft. Image (a) shows the regions (boxes) cut for electron microscopy from an osmium-impregnated section prereacted for porcine synaptobrevin (the graft is darkly stained). Blocks from which images in this figure are taken are labeled Fig. 9 , and the block from which images in the subsequent figure are taken is labeled Fig. 10 . Electron micrographs shown in (b-e) are from blocks that included the graft and are likely from within the graft. Synapses stained with porcine synaptobrevin antibody (filled arrows point to synaptic contact) can be distinguished by their electron-dense synaptic vesicles, compared to less dense unlabeled synaptic vesicles of presumed host origin (open arrows). Similar synaptic structures are observed in both labeled and unlabeled synapses.
additionally demonstrates that cells from a distantly re lated donor species appear as competent as same-species cells to utilize host axon guidance signals in this system. Previous transplant studies using fetal septal cells from a more closely related species (mouse) (51) and using human fetal septal cells (32) have also shown similar axon growth specificity. These data are consistent with the hypothesis that the substrate affinities and signaling mechanisms that determine axon guidance in this region are conserved among placental mammals (23, 24) .
The cholinergic markers used in these previous stud ies primarily include AChE histochemistry and ChAT FACING PAGE Figure 8 . Specific growth patterns of graft axons with respect to the host granule cells of the inferior blade of the dorsal dentate gyrus. Porcine-sensitive 70kD neurofilament (a) and ChAT (b) antibody immunoreactivity demonstrate that the main shafts of graft axons predominantly extend through the internal lamina of the molecular layer (mi) adjacent to the granule gel layer (g; boundaries indicated by arrows) and are less abundant in the hilus regions internal to the granule cell layer. Antibody labeling by human NGFr (c) and porcine synaptobrevin (d; dark spots) antibody immunoreactivity demonstrate that the fine terminal branches of graft axons extend into the granule cell layer from the molecular layer. Abbreviations as in Figures 5 and 7 . Figure 10 . Electron micrographs of pig synaptobrevin specific antibody labeling of synaptic vesicles in the hippocampus of a lesioned adult rat implanted with porcine fetal septal cells. All four images were obtained from a block that excluded any part of the graft (see Fig. 9a ) and so all labeled vesicles are assumed to be within pig presynaptic terminals in contact unlabeled rat postsynaptic structures. Filled arrows point to presumed synaptic contacts between pig and rat neurons and open arrows point to unlabeled vesicles in nearby rat-to-rat synapses. The vast majority of syn apses in these fields were unlabeled. In comparison to intragraft synapses, shown in Figure 9 , presynaptic terminals of putative pig-to-rat synapses appeared generally smaller and less densely filled with vesicles.
immunohistochemistry. These cholinergic markers label both donor and host cholinergic fibers. Allograft studies using these markers are subject to false-positive results if there is incomplete denervation of cholinergic inputs or sprouting of cholinergic axons from adjacent regions (e.g., entorhinal cortex, neocortex). In addition to these cholinergic markers, the present study employed three rat-negative/pig-positive antibodies to eliminate these ambiguities.
In the current study, the antibody to human low-affin ity NGF receptor (hNGFr) was specific to both pig and cholinergic cells. The cholinergic toxic effects of IgG-saporin infusion are not limited to cells located in the septum-diagonal band region (as in the case of localized excitotoxic or electrolytic lesions of this structure), but also produce cell loss in the adjacent NBM and horizontal limb of the diagonal band (28) . The adjacent NBM cholinergic cells contribute the major cholinergic innervation of the corti cal areas adjacent to the hippocampal region (3) . Both the present results and those of Leanza et al. (26) dem onstrated that the IgG-saporin-lesioned brains incurred significant losses of cholinergic cells in both septal-diagonal band and NBM regions in the basal forebrain, with a concurrent reduction of both hippocampal and cortical cholinergic innervation (30) . After IgG-saporin lesions, AChE activity is reduced to background levels and ChAT-positive axons were absent from the hippocam pus and adjacent allocortical regions. In contrast, in ani mals with surviving grafts, AChE-reactive fiber staining was dramatically increased near the grafts but dimin ished with distance from the grafts. There were very few or no AChE-reactive fibers in the hippocampus if there was no surviving graft present in that hemisphere.
The use of two noncholinergic but species-specific markers-for donor axons (NF70) and donor synapses (hSB)-further elucidated the ways that graft axons grew into the host hippocampus and where they formed synapses. In general, axons immunoreactive for NF70 extended into hippocampal lamina that also exhibited the most dense AChE-reactive and ChAT-positive fi bers. NF70-positive axons originating from pig neurons located at one end of the hippocampus could be traced along the full dorsal-ventral length of the hippocampus, up to 4 mm from the graft placement site. NF70-positive axons extended throughout the hippocampus mostly within lamina, and very few were seen to gross through hippocampal cell layers. The most dense bundles of graft axons were seen in lamina immediately adjacent to cell layers, especially the dentate granule cell layer. Synapse formation also respected laminar divisions, and was less dense in cell layers than in lamina immediately above or below cell layers. Though less dense than in white matter lamina, porcine synapses were observed in the hippocampal cell layers, especially in the granule cell layer. In every case, NF70-positive axons and hSBpositive synaptic terminals were more numerous than ei ther ChAT-positive axons or hNGFr-positive axons and terminals in the same regions. As with AChE and ChAT fiber staining (discussed above), this higher density of NF70-positive fibers and hSB-positive terminals could have been due to differences in antibody selectivity or incubation procedures. However, this consistent differ ence of densities probably reflects the fact that the septal-diagonal band primordium region in the fetal brain, which was the source for graft cells, also contains the precursors of the noncholinergic neurons that are present in the adult septum and diagonal band. ChAT-negative presumed noncholinergic cells are more numerous than cholinergic cells within the normal septum-diagonal band region, and within the grafts, so it is likely that cholinergic axons comprise only a fraction of fibers growing out of fetal septal grafts. Axons from all pig neuronal phenotypes are reactive for NF70 (12) and so the N70 and hSB antibodies would have labeled both cholinergic and noncholinergic neuronal elements from the pig grafts.
This has important implications for understanding graft-host interactions, because these noncholinergic cells likely project axons into the host hippocampus and influence function (15, 36, 46) . For example, GABAergic neurons from the septal-diagonal band region and the adjacent basal forebrain are known to project to the hip pocampus (46) , and precursors to these GABAergic cells would likely have been present in the grafts, as well as other noncholinergic neuronal cell types that do not normally have hippocampal targets. Noncholinergic graft axon growth has not been systematically investi gated in previous septal transplant studies. These fibers would not be specifically distinguished from cholinergic fibers by the pig-specific markers used in the present study.
The fact that NF70-positive graft axons grow along similar trajectories to hNGFr-positive and ChAT-posi tive axons implies that noncholinergic graft axons do not differ from cholinergic axons in their response to local tropic signals provided by the host brain. Future doublelabeling experiments using combinations of these same cholinergic-specific and pig-specific antibodies could help to determine the relative proportions of cholinergic and noncholinergic donor axons.
Target Specificity of Graft Axon Growth
Previous xenotransplant studies with human and pig neuroblasts have shown that cells from larger, slower developing donors grow axons further and more exten sively into adult host brains than rat or mouse axons, and yet despite the species difference they still exhibit highly specific axonal growth (12, (23) (24) (25) (48) (49) (50) . This was also demonstrated by pig neurons in the present study. Long-distance axon growth was demonstrated by graft axons growing nearly the full dorsal-ventral length of the hippocampus. Conserved specificity of tropic in teractions was demonstrated both by growth of axons into specific lamina, corresponding to normal choliner gic targets, and by the fact that almost no axons ex tended out of the hippocampus proper into the adjacent entorhinal cortex.
Although there have been studies of hippocampal graft synapse formation with host cells, including physi ological (39) and ultrastructural analyses (10, 38, 43) , the use of a species-specific synaptic marker provides an unambiguous demonstration of chimeric synapse forma tion in vivo between pig and rat neurons. The formation of functional synapses between graft and host cells is a critical aim of fetal neural transplantation studies whose aim is to reconstruct damaged neuronal circuits, not just replace lost cells. Though putative cross-species synapse formation has been demonstrated by EM in a number of prior studies, previous studies have relied on using neurotransmitter specific-but not species-specific mark ers (2, 9, 10) , or relied on additional contextual factors to distinguish donor from host structures (38, 43) . For example, Clarke et al. (9) identified putative human cho linergic terminals synapsing with rat host neurons in EM preparations using the ChAT antibody to identify human cholinergic axons in a cholinergic-denervated host. Though the ChAT antibody used in that study was not species specific, lesion of the host cholinergic projec tions was used to limit the possibility of labeled host synapses. In the present study, the species specificity of the hSB antibody obviates the need for complete dener vation or other contextual factors; however, it does not provide a means to distinguish between cholinergic and noncholinergic synapses. Although we did not doublelabel these preparations for a rat-specific marker to ver ify that postsynaptic structures were host derived, EM preparations were analyzed in hippocampal regions dis tant from any graft and from any donor neuronal cell body. The majority of labeled presynaptic structures were found in contact with cell regions exhibiting typi cal postsynaptic thickenings. Comparison with unla beled presumptive rat-rat synapses in the same EM sec tions demonstrated similar sizes of their ultrastructural components.
The demonstration of extensive cross-species synapse formation further suggests that the mechanisms underly ing the establishment of synaptic specializations in the hippocampus is likely shared by other mammal species. Our demonstration of apparently normal localization and structure of these cross-species synapses addresses an important issue in xenotransplantation paradigms, be cause the formation of graft-host synapses is probably critical to functional restoration of signaling and func tional recovery in most neural systems.
In the present study we additionally compared these features of graft development, axonal growth, and syn apse formation in lesioned adults to corresponding fea tures of similar grafts placed in normal aged hosts. Xe nogeneic grafts implanted into these unlesioned aged hippocampi exhibited similar axon growth and synapse formation patterns to those implanted into younger hosts, whose cholinergic innervation had been reduced by immunotoxic lesions. The brains of the aged hosts showed reduced density of cholinergic markers in the hippocampus (30), though not complete loss of choliner gic fibers. In aged hosts, the length and growth trajector ies of graft axons (as exhibited by all axonal markers), and the extent and laminar distribution of graft synaptic terminals (as exhibited by hSB labeling), did not differ significantly from that observed in young lesioned hosts. This corroborates previous allograft results from other laboratories, demonstrating that the patterns of graft axon growth and synapse formation are not dependent on prior lesion and that the aged brain is able to support specifically guided axon regrowth as well as the younger adult brain (13, 17) . Finally, if the normal expression of tropic signals is responsible to some degree for specific guidance of graft axon growth in the lesioned adult, then the similar features of axon growth in aged animals sug gest that these tropic signals are still expressed in the aged brain, where they remain capable of supporting plasticity and repair.
Conclusions
The specificity of axon growth trajectories and of the locations of synapse formation by xenogeneic axons provides evidence of conserved tropic signaling and/or substrate guidance specificity in the CNS. This could indicate that developmental signals and growth sub strates that support axon guidance in early development may thus persist in adulthood. Tropic signals expressed in the hippocampus in the adult brain could account for the observed patterning, yet questions remain about the possible factors and substrates that can account for this specific growth (24) , because axonal regrowth otherwise appears strictly limited in the adult brain. In a wider perspecitve, evidence from many CNS systems suggests that adult brains are capable of surprising plasticity. This may in part be supported by the expression of these tropic signals.
Our results corroborate prior evidence for the devel opment and functional integration of different classes of porcine xenografts into other regions of the rat brain, and extend these findings by demonstrating unambigu ous patterns of synapse formation that are confirmed by FACING PAGE Figure 11 . Graft innervation of an aged rat hippocampus 4 months following transplantation. Immunohistochemical labeling of porcine neurofilaments (NF70) in the dorsal tip of the dentate gyrus (b), porcine NGF receptors (hNGFr) in the dentate gyrus at midlevel (c), and porcine synaptic vesicles (hSB) in the ventral portion of the dorsal dentate gyrus (d) demonstrates that graft axon growth and synapses formation patterns within the hippocampus of an aged unlesioned host are similar to that seen in younger lesioned hosts. Graft placement and sites of images in fb-d) are shown diagrammatically in (a). Abbreviations as in Figures 5  and 7 . ultrastructural analysis. They further demonstrate that fetal cholinergic xenografts are capable of reinnervating the hippocampus in both lesioned and normal aged host brains in a manner that recapitulates normal connection patterns of axon growth, targeting, and synapse forma tion. These results add a critical new source of evidence to support efforts to develop porcine fetal cell replace ment therapies for human neurodegenerative diseases, possibly including those involving the selective loss of forebrain cholinergic cells.
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